Purpose: The purpose of this study was to develop a method to quantitatively assess the effect of nitric oxide synthase (NOS) inhibition on tumor vascular activity using dynamic contrast-enhanced computed tomography (DCE-CT) and to investigate its usefulness using animal experiments. Materials and Methods: The DCE-CT studies were performed in anesthetized Fisher rats bearing tumors using a 4-row multi-slice CT. The scanning started 4 s before a bolus injection of iodinated contrast agent (CA) (150 mgI/kg) from the tail vein using an automatic injector and lasted 60 s at 1-s intervals. The contrast enhancement (CE) images were generated by subtracting the CT images before and after the administration of CA. 
Introduction
It has been reported that angiogenesis correlates with tumor growth, invasion, and metastasis [1] - [4] . Tumor blood flow increases as a result of angiogenesis, and it plays a key role in tumor growth and formation of metastasis [5] .
Nitric oxide (NO) is a multifunctional gaseous molecule and a highly reactive free radical. It is synthesized from the substrate L-arginine (L-ARG), nicotinamide adenine dinucleotide phosphate (NADPH), and oxygen, catalyzed by mammalian enzyme: nitric oxide synthase (NOS). As a signaling molecule, NO regulates various physiological and pathophysiological processes such as vascular functions including angiogenesis, blood flow, vascular permeability, leukocyte-endothelial interaction, platelet aggregation, and microlymphatic flow [6] . If tumor blood flow and hence tumor oxygenation can be manipulated by altering NO availability, this would provide a novel approach to enhancing the efficacy of conventional anticancer therapy. In particular, increasing tumor hypoxia brought about by reduced tumor blood flow could enhance the activity of bioreductive cytotoxic agent [7] , hyperthermia [8] , and some chemotherapeutic agents [9] . Competitive inhibition of NOS using analogues of L-ARG results in a decrease in tumor blood flow as a result of vasoconstriction [10] . Therefore, NO is an attractive target for anticancer therapy.
The NOS inhibitor N-nitro-L-arginine (L-NNA) has been shown to selectively reduce tumor blood flow in tumor-bearing BD9 rats [10] . In human beings, inhibition of NOS resulted in a reduction in tumor blood volume [11] . Because of the importance of NO in vasodilation, neuronal signaling, platelet aggregation, and many other physiological functions, there has been considerable research effort to better understand mechanisms responsible for regulation and activation of NOS. To the best of our knowledge, however, development of a method that allows us to quantitatively and simply evaluate the effect of NOS inhibition on tumor vascular activity has not been yet carried out sufficiently.
Dynamic contrast-enhanced computed tomography (DCE-CT) acquires CT images serially after the administration of intravenous contrast agent (CA). Recently, DCE-CT has become a major imaging technique and has been widely used for diagnosing normal tissue and benign and malignant tumors as well as for monitoring treatment effectiveness during and after therapy [12] [13] . Perfusion CT using DCE-CT is a technology that enables depiction of tumor vascular physiology [14] . In addition to the widespread availability of CT scanners and being noninvasive and fast, perfusion CT can be repeated sequentially to assess temporal changes in tumor blood flow, which is likely to be of clinical importance for monitoring tumor response to antiangiogenic therapies and other treatments [12] [13] .
The purpose of this study was to develop a method to quantitatively monitor the effect of NOS inhibition on tumor vascular activity using DCE-CT and to investigate its usefulness using animal experiments.
Materials and Methods

Animal Experiment Protocol
All animal experiments were approved by the animal ethics committee at Osaka University School of Medicine.
A total of 90 male Fischer 344 rats (8 weeks old) weighing 250.0 ± 22.4 g [mean ± standard deviation (SD)] were used. They were purchased from Charles River Laboratories Japan, Inc. (Yokohama, Japan). The animals had free access to food and water, and were kept under standard laboratory conditions of 23˚C room temperature and around 50% humidity. Minced MTLn3 mammary adenocarcinoma with approximately 1 × 10 6 cells was implanted subcutaneously in the right thigh or hip of the rat. The rats were used for experiments several weeks after implantation when all three orthogonal diameters of tumors measured approximately 10 mm, including skin thickness.
DCE-CT Protocol
The rat was anesthetized with 50 mg/kg sodium pentobarbital (Nembutal, Dainippon-Sumitomo Seiyaku Co., Ltd., Osaka, Japan) and was placed in a prone position on the patient couch of the CT scanner. The rat was further restrained to a plastic board using surgical tape to prevent any unnecessary motion. A 26-gauge cannula was catheterized into the tail vein for the intravenous injection of CA or other drugs.
The DCE-CT studies were performed using a 4-row multi-slice CT (Asteion, Toshiba Medical Systems Co., Tochigi, Japan). For selection of the appropriate transverse level for DCE-CT studies, unenhanced scout scanning through the tumors was performed with a tube voltage of 120 kV and a tube current of 80 mA. After selection of the transverse level, the DCE-CT studies were performed with the same tube voltage and tube current used for scout scanning. The matrix size was 512 × 512 and a field of view (FOV) was 90 mm × 90 mm. Four slices with a thickness of 3 mm were acquired with a gantry rotation speed of 1 s. For the DCE-CT study, CT scanning was initiated 4 s before administration of CA. The 4-s duration before the administration of CA allowed for the acquisition of unenhanced baseline images. A bolus of 150 mgI/kg iodinated CA [Iopamiron 300 (300 mgI/mL), Bayer Schering Pharma, Osaka, Japan] was administered at a rate of 0.125 mL/s via the 26-gauge tail vein catheter using an automatic injector of our own manufacture. Dynamic scanning lasted 60 s, and transverse images were reconstructed at 1-s intervals, resulting in 60 consecutive images per slice.
Generation of Contrast Enhancement Images
The DCE-CT data include both the images before and after the administration of CA. Figure 1 illustrates how to generate the images representing the contrast enhancement (CE). They were generated by subtracting the CT Figure 1 . Illustration of a method for generating the contrast enhancement (CE) image by subtracting the image before the injection of contrast agent (CA) from that after the injection of CA. The image before the administration of CA was obtained by averaging the first five CT images from the start of scanning, whereas the image after the administration of CA was obtained by averaging the CT images between 50 s and 60 s. images before and after the administration of CA. The images before the administration of CA were obtained by averaging the first 5 images from the start of scanning, whereas the images after the administration of CA were obtained by averaging the images between 50 s and 60 s. We call the new images generated by subtracting the CT images "the CE images".
Study Design
We performed 5 studies illustrated in Figure 2 to investigate the effects of L-NNA alone, L-ARG alone, and their combination on tumor vascular activity. L-NNA and L-ARG were purchased from Sigma Chemical Co. (St. Louis, MO, USA).
In Study 1, L-NNA or vehicle (saline acidified with a few drops of hydrochloric acid) was administered by intravenous bolus injection into a catheterized tail vein 5 min after the first DCE-CT study. The second, third, and fourth DCE-CT studies were performed 15 min, 30 min, and 45 min after the administration of L-NNA or vehicle. This time schedule for DCE-CT studies was determined based on the results of our previous study [15] . The injected dose of L-NNA was varied as 0 mg/kg (vehicle) (n = 8), 1 mg/kg (n = 6), 3 mg/kg (n = 6), and 10 mg/kg (n = 13). These doses were selected in reference to Tozer et al. [10] .
In Study 2, L-ARG (200 mg/kg) controlled at the neutral pH was administered 5 min after the first DCE-CT study (n = 5). The second, third, and fourth DCE-CT studies were performed 15 min, 30 min, and 45 min after the administration of L-ARG, respectively.
In Study 3, L-ARG (200 mg/kg) was administrated 5 min after the first DCE-CT study and L-NNA was administrated immediately after the second DCE-CT study. The second, third, and fourth DCE-CT studies were performed 15 min, 30 min, and 45 min after the administration of L-ARG, respectively. In this case, the injected dose of L-NNA was varied as 1 mg/kg (n = 5), 3 mg/kg (n = 6), and 10 mg/kg (n = 5).
In Study 4, L-NNA was administered 5 min after the first DCE-CT study and L-ARG was administered immediately after the second DCE-CT study. The injected dose of L-NNA was varied as 1 mg/kg (n = 5), 3 mg/kg (n = 5), and 10 mg/kg (n = 7), whereas that of L-ARG was fixed at 200 mg/kg.
In Study 5, both L-NNA and L-ARG were administered simultaneously 5 min after the first DCE-CT study. As in Study 3 and Study 4, the injected dose of L-NNA was varied as 1 mg/kg (n = 5), 3 mg/kg (n = 8), and 10 mg/kg (n = 6), whereas that of L-ARG was fixed at 200 mg/kg. 
Data Analysis
Regions of interest (ROIs) were manually drawn on tumors in all slices (four slices) in each rat as illustrated in Figure 3 . To draw ROIs, we selected the regions in which the tumor demonstrated the maximal enhancement (tumor rim) to avoid adjacent normal and necrotic areas.
The relative CE value (CE rel ) in the tumor ROI after administration of agents was calculated as follows:
where CE before and CE after represent the CE value before and after administration of agents, respectively. These analyses were performed for the DCE-CT data acquired before and 15 min, 30 min, and 45 min after administration of agents.
Statistical Analysis
Data were represented as mean ± standard error (SE). The paired Student's t-test was used to test the significant difference in the relative CE value versus the baseline. Differences in the relative CE values among groups were analyzed by one-way analysis of variance (ANOVA). Statistical significance was determined by Tukey's multiple comparison test. A p-value less than 0.05 was considered significant.
Results
First, we investigated the effect of L-NNA on the CE in the tumor in comparison with that of vehicle (Study 1). Third, we investigated the case when L-ARG was administered prior to the administration of L-NNA (Study 3). Figure 6(a) shows typical examples of the CE images before and 15 min, 30 min, and 45 min after the administration of L-ARG when the injected dose of L-NNA was 1 mg/kg (top row), 3 mg/kg (middle row), and 10 mg/kg (bottom row). Figure 6(b) shows the time courses of the relative CE values for various injected doses of L-NNA (• for 1 mg/kg, ■ for 3 mg/kg, and ▲ for 10 mg/kg). As shown by * in Figure 6(b) , when the injected dose of L-NNA was 1 mg/kg, the relative CE value significantly decreased as compared with the baseline 15 min after L-ARG administration, but it recovered almost to the baseline 45 min after L-ARG administration.
When the injected dose of L-NNA was 3 mg/kg, the relative CE value significantly decreased as compared with the baseline at 15 min and 30 min, but it slightly increased and a significant difference versus the baseline disappeared at 45 min. When the injected dose of L-NNA was 10 mg/kg, the relative CE value significantly decreased as compared with the baseline at 30 min and 45 min. As shown by # in Figure 6(b) , there was a significant difference in the relative CE value between cases administered 1 mg/kg and 10 mg/kg L-NNA, at 45 min. Fourth, we investigated the case when L-NNA was administered prior to the administration of L-ARG (Study 4). Figure 7(a) shows typical examples of the CE images before and 15 min, 30 min, and 45 min after L-NNA at doses of 1 mg/kg (top row), 3 mg/kg (middle row), and 10 mg/kg (bottom row) were administered. Figure  7(b) shows the time courses of the relative CE values for various injected doses of L-NNA (• for 1 mg/kg, ■ for 3 mg/kg, and ▲ for 10 mg/kg). As in Figure 4(b) , the relative CE value significantly decreased as compared with that before the administration of L-NNA in a dose-dependent manner, except for the case administered 1 mg/kg L-NNA [shown by * in Figure 7(b) ]. When the injected dose of L-NNA was 1 mg/kg, a significant difference versus the baseline disappeared at 30 min and 45 min. As shown by # in Figure 7(b) , there was a significant difference in the relative CE value between cases administered 1 mg/kg and 10 mg/kg L-NNA, at 15 min.
Finally, we investigated the case when both L-NNA and L-ARG were administered simultaneously (Study 5). Figure 8(a) shows typical examples of the CE images before and 15 min, 30 min, and 45 min after the simultaneous administration of L-NNA and L-ARG when the injected dose of L-NNA was 1 mg/kg (top row), 3 mg/kg (middle row), and 10 mg/kg (bottom row). Figure 8(b) shows the time courses of the relative CE values for various injected doses of L-NNA (• for 1 mg/kg, ■ for 3 mg/kg, and ▲ for 10 mg/kg). As shown by * in Figure  8(b) , when the injected dose of L-NNA was 1 mg/kg, the relative CE value significantly decreased as compared with the baseline at 15 min, but it recovered to the baseline and a significant difference versus the baseline disappeared at 30 min and 45 min. When the injected dose of L-NNA was 3 mg/kg and 10 mg/kg, the relative CE value significantly decreased as compared with the baseline at 15 min, 30 min, and 45 min. As shown by # in Figure 8(b) , there was a significant difference in the relative CE value between cases administered 1 mg/kg and 10 mg/kg L-NNA, at 15 min. As shown by $ in Figure 8(b) , when the injected dose of L-NNA was 3 mg/kg and 10 mg/kg, the relative CE values were significantly lower than those when the injected dose of L-NNA was 1 mg/kg, at 30 min and 45 min. 
Discussion
In this study, we developed a method to quantitatively monitor the effect of NOS inhibition on tumor vascular activity using DCE-CT and investigated its usefulness using animal experiments. Our results (Figures 4-8) suggest that our method is useful for studying the effect of NOS inhibition on tumor vascular activity for various injected doses and/or timing of NOS inhibitors.
To elucidate what the CE image reflects, we previously compared the CE image with the tumor blood flow (TBF), tumor blood volume (TBV), and mean transit time (MTT) images generated using model-independent deconvolution analysis and investigated the correlations among the CE, TBF, TBV, and MTT values in tumors [15] . Our results showed that the correlation coefficient between CE and TBV was the greatest, suggesting that the CE mainly reflects TBV [15] . In general, model-independent deconvolution analysis has been used to evaluate the hemodynamics of CA in normal tissue and benign and malignant tumors [16] . Model-independent deconvolution analysis always needs the arterial input function (AIF), which derives from the concentration of CA in the feeding artery. However, it is often difficult to obtain the appropriate AIF especially in small animal experiments, because the CT images of the feeding artery are likely to be degraded by partial volume effect [17] and artifacts due to pulsation and/or respiratory motion. In addition, the thick vessels connecting the feeding artery are not always imaged in the slice of the tumor. In contrast, the CE images used in this study can be obtained without using the AIF and can be obtained simply by subtracting the CT images before and after the administration of CA.
In this study, we investigated the effects of L-NNA alone, L-ARG alone, and their combination on the tumor vascular activity using the relative CE values obtained by DCE-CT. As shown in Figure 4 , the relative CE value significantly decreased below the baseline level by L-NNA administration in a dose-dependent manner. This finding is consistent with the results reported previously [10] [11]. Tozer et al. [10] reported that the maximum decrease in tumor blood flow rate was achieved at L-NNA dose of 1 mg/kg and no further reduction was achieved by increasing the L-NNA dose to 3 and 10 mg/kg. In this study, however, further reduction of the relative CE value was achieved at L-NNA doses of 3 and 10 mg/kg (Figure 4) . Tozer et al. [10] used BD9 rats bearing subcutaneous P22 carcinosarcoma, whereas we used Fischer 344 rats bearing MTLn3 mammary adenocarcinoma. Thus, the above difference between the results of Tozer et al. [10] and ours may be due to the difference in tumor cell lines and/or the strain of rats used in experiments.
When L-ARG (natural substrate for NOS) was administered at a dose of 200 mg/kg, the relative CE values 15 min, 30 min, and 45 min after L-ARG administration showed no significant differences as compared with that before the administration (Figure 5) . Tozer et al. [10] reported that L-ARG had no significant effect on tumor blood flow when the same dose with ours was used. Thus, our finding shown in Figure 5 is consistent with their report [10] . In this study, however, there was a tendency for the relative CE value to decrease with time after L-ARG administration although the decrease was not statistically significant ( Figure 5) . It might be due to the steal effect that is observed when a vasodilator such as hydralazine is administered [18] . That is, if normal vessels dilated after L-ARG administration and tumor vessels did not respond, more blood would flow to the normal tissues and less to the tumor [18] .
We also investigated the effect of L-NNA on the CE in the tumor when used in combination with L-ARG. As shown in Figure 6(b) , when L-ARG was administrated prior to the administration of 1 mg/kg L-NNA, the relative CE value at 45 min was significantly higher than that at 15 min, indicating that the reduction in the relative CE value induced by L-NNA administration was restored by the prior administration of L-ARG. In contrast, when L-ARG was administered after L-NNA administration [ Figure 7(b) ], there was no significant difference between the relative CE values at 15 min and 45 min. These results suggest that when using L-NNA in combination with L-ARG, their effect on the tumor vascular activity differs depending on the order of their administration. Meyer et al. [19] reported that the reduction in microvascular perfusion induced by NOS inhibition was restored by subsequent administration of L-ARG in normal tissues but not in tumors. The irreversibility of the vascular effect of NOS inhibition in tumors could be due to endothelial damage and development of microthrombi resulting from platelet aggregation and leukocyte adhesion. Thus, the above finding could be explained by this irreversibility of NOS inhibition.
When both L-NNA and L-ARG were administered simultaneously [ Figure 8(b) ], there was a tendency for the relative CE value to be higher than that when only L-NNA was administered, at all injected doses of L-NNA [ Figure 4(b) ]. Although the above difference in the relative CE value did not reach statistical significance due to large scattering of the data, these results suggest that the vascular effect of NOS inhibition induced by L-NNA was somewhat (not significantly) reduced by the simultaneous administration of L-ARG.
It should be noted that it is essential to keep the injected dose and duration of CA as constant as possible in order to enhance the reliability and reproducibility of the present method and especially when investigating the temporal change of tumor vascular activity as done in this study. To accomplish this, we injected CA using an automatic injector of our own manufacture as previously described, and it would be essential to use an automatic injector in the present method.
It is known that iodinated CAs themselves are vasoactive and can induce both vasodilation and vasoconstriction [20] . Limbruno et al. [21] reported that nonionic CAs induce a vasodilatory response in normal vessels not by a mechanism involving increased flow or NOS, but rather by depending on preserved vascular cyclooxygenase activity. However, the mechanisms responsible for the above vasomotor effects remain to be fully elucidated [20] . In addition, vascular beds of different organs and tumors respond differently to CAs and interspecies variations also exist [20] . From the fact that there were no significant changes in the relative CE values when only the vehicle was administered [• in Figure 4(b) ], the vasomotor effect of CA itself might be small in this study.
Recently, dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) has also been used for studying the microvascular characteristics of tumors [22] [23] . Although DCE-MRI provides spatial and temporal resolution comparable to DCE-CT and does not involve the use of ionizing radiation, it has some disadvantages. Whereas the change in the CT number is directly proportional to the change in the concentration of CA for DCE-CT, for DCE-MRI the relationship breaks down at high concentrations of certain CAs leading to errors of physiologic parameters [24] . To investigate the usefulness of our method in comparison with DCE-MRI will be one of the subjects of our future studies.
Conclusion
The present study suggests that our method using DCE-CT is useful for monitoring the effect of NOS inhibition on tumor vascular activity and for determining the optimal injected dose and timing of NOS inhibitors for anticancer therapy.
